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@  Method  of  improving  post-irradiation  ductility  of  precipitation  hardenable  alloys. 

A  method  for  improving  the  post-irradiation  ductility  is 
described  which  comprises  a  solution  heat  treatment 
following  which  the  materials  are  cold  worked.  They  are 
included  to  demonstrate  the  beneficial  effect  of  this 
treatment  on  the  swelling  resistance  and  the  ductility  of 
these  austenitic  precipitation  hardenable  alloys. 



T h i s   i n v e n t i o n   r e l a t e s   to  a  m e t h o d   of  i m p r o v i n g  

t h e   p o s t - i r r a d i a t i o n   d u c t i l i t y   of   p r e c i p i t a t i o n   h a r d e n a b l e  

a l l o y s   and  more  p a r t i c u l a r l y   to   t h o s e   a l l o y s   w h i c h   u n d e r g o  

a  gamma  p r i m e   h a r d e n i n g   p r e c i p i t a t i o n   r e a c t i o n .   In  g e n e r -  

a l ,   i t   h a s   b e e n   f o u n d   t h a t   t h e s e   a l l o y s   d e v e l o p   an  o p t i m u m  

c o m b i n a t i o n   of  s t r e n g t h   and  d u c t i l i t y   when  t h e y   a r e   s o l u -  

t i o n   h e a t   t r e a t e d   and  p r e c i p i t a t i o n   h a r d e n e d ,   s u c h   s o l u -  

t i o n   h e a t   t r e a t i n g   u s u a l l y   t a k i n g   p l a c e   a t   a  t e m p e r a t u r e  

in   e x c e s s   of   a b o u t   9 5 0 ° C ,   f o l l o w i n g   w h i c h   t h e   a l l o y   i s  

u s u a l l y   q u e n c h e d   to   room  t e m p e r a t u r e   f rom  s u c h   s o l u t i o n  

h e a t   t r e a t m e n t   t e m p e r a t u r e .   I t   i s   a  f u n c t i o n   of  t h e  

s o l u t i o n   h e a t   t r e a t m e n t   t e m p e r a t u r e   to   p l a c e   i n t o   s o l i d  

s o l u t i o n   a l l   of  t h e   c o m p o n e n t s   w h i c h   w i l l   e n t e r   i n t o   t h e  

p r e c i p i t a t i o n   h a r d e n i n g   m e c h a n i s m .   In  t h i s   c a s e ,   t h e  

i r o n - n i c k e l - c h r o m i u m   m a t r i x   in   i t s   a u s t e n i t i c   p h a s e   c o n -  

f i g u r a t i o n   i s   t h e   s o l i d   s o l u t i o n   i n t o   w h i c h   s u c h   c o m p o n -  
e n t s   as  t i t a n i u m   and  a l u m i n u m   a r e   t a k e n   i n t o   s a i d   s o l i d  

s o l u t i o n .   F o l l o w i n g   q u e n c h i n g   to  room  t e m p e r a t u r e   t h e  

a l l o y s   a r e   h e a t e d   u s u a l l y   to  a  t e m p e r a t u r e   b e t w e e n   a b o u t  

600°C  and  a b o u t   825°C  f o r   d i s c r e t e   p e r i o d s   of  t i m e   d u r i n g  

w h i c h   t h e   t i t a n i u m ,   a l u m i n u m   and  n i c k e l   a r e   p r e c i p i t a t e d  

f rom  t h e   s o l i d   s o l u t i o n   u s u a l l y  i n   t h e   form  of  N i 3 T i , A 1 ) .  
T h i s   c o n f i g u r a t i o n   i s   known  as  t h e   gamma  p r i m e   c o n f i g u r a -  

t i o n   and  i s   e f f e c t i v e   f o r   r e n d e r i n g   t h e   a l l o y   w i t h   i t s  

o p t i m u m   c o m b i n a t i o n   of  s t r e n g t h   and  d u c t i l i t y .  



In  c o n t r a s t   t h e r e t o ,   t h e   p r e s e n t   i n v e n t i o n   h a s  

u n e x p e c t e d l y   f o u n d   t h a t   f o l l o w i n g   s o l u t i o n   h e a t ' t r e a t m e n t ,  

w h i c h   a d v a n t a g e o u s l y   r e n d e r s   t h e   a l l o y   in   i t s   m o s t   w o r k -  

a b l e   c o n d i t i o n ,   t h e   a l l o y   can   be  c o l d   w o r k e d   to   e f f e c t   a  

r e d u c t i o n   in   c r o s s - s e c t i o n a l   a r e a   of  b e t w e e n   a b o u t   10%  a n d  

a b o u t   60%  and,   as  c o l d   w o r k e d ,   t h e   a l l o y   w i l l   e x h i b i t  

s u f f i c i e n t   s t r e n g t h   and  p o s t - i r r a d i a t i o n   d u c t i l i t y   as  t o  

make  t h e   c o m p o s i t i o n   of  m a t t e r   h i g h l y   d e s i r a b l e   f o r   u s e   i n  

a  n u c l e a r   r e a c t o r   w h e r e   t h e   c o m p o n e n t s   a r e   s u b j e c t   to   h i g h  

f l u e n c e s   d u r i n g   t h e   o p e r a t i o n   of  t h e   r e a c t o r .  

A c c o r d i n g l y   t h e   p r e s e n t   i n v e n t i o n   r e s i d e s   in   a  

m e t h o d   of  i m p r o v i n g   t h e   p o s t - i r r a d i a t i o n   d u c t i l i t y   o f  

p r e c i p i t a t i o n   h a r d e n a b l e   a l l o y s ,   c h a r a c t e r i z e d   by  s o l u t i o n  

h e a t   t r e a t i n g   t h e   a l l o y s   a t   a  t e m p e r a t u r e   w i t h i n   t h e   r a n g e  
b e t w e e n   950°C  and  11500C  and  t h e r e a f t e r   c o l d   w o r k i n g   t h e  

a l l o y s   to  e f f e c t   a  r e d u c t i o n   in   c r o s s - s e c t i o n a l   a r e a   o f  

b e t w e e n   10%  and  60%.  

The  a l l o y s   to   be  t r e a t e d   i n   a c c o r d a n c e   w i t h   t h e  

i n v e n t i o n   h a v e   a  c o m p o s i t i o n   w h i c h   u s u a l l y   f a l l s   w i t h i n  

t h e   r a n g e   b e t w e e n   25%  and  45%  n i c k e l ,   8%  and  15%  c h r o m i u m ,  

up  to   3.5%  m o l y b d e n u m ,   f rom  0.3%  to  3 .5%  t i t a n i u m ,   f r o m  

1.5%  to  3.5%  a l u m i n u m ,   up  to   1%  s i l i c o n ,   up  to   1%  z i r c o n -  

ium,   up  to   4%  n i o b i u m ,   up  to   0 .01%  b o r o n ,   up  to  0 . 0 5 %  

c a r b o n   and  t h e   b a l a n c e   e s s e n t i a l l y   i r o n   w i t h   i n c i d e n t a l  

i m p u r i t i e s .   An  a l l o y   h a v i n g   a  c o m p o s i t i o n   f a l l i n g   w i t h i n  

t h e   f o r e g o i n g   r a n g e   w i l l ,   upon   h e a t   t r e a t m e n t ,   u n d e r g o   a  

gamma  p r i m e   p r e c i p i t a t i o n   h a r d e n i n g   m e c h a n i s m .   The  gamma 

p r i m e   w i l l   be  p r e c i p i t a t e d   f rom  t h e   a u s t e n i t i c   p h a s e   o f  

t h e   a l l o y   and  when  so  p r e c i p i t a t e d   and  s u b s t a n t i a l l y   d i s -  

t r i b u t e d   t h r o u g h o u t   t h e   a u s t e n i t i c   m a t r i x ,   w i l l   p r o v i d e  

t h e   a l l o y   w i t h   an  o p t i m u m   c o m b i n a t i o n   of  s t r e n g t h   a n d  

d u c t i l i t y .   The  p r e c i p i t a t i o n   h a r d e n i n g   r e a c t i o n   i s   i n i t i -  

a t e d   by  t h e   a l l o y   b e i n g   s u b j e c t e d   to   a  s o l u t i o n   h e a t  

t r e a t m e n t   t e m p e r a t u r e ,   u s u a l l y   a t   a  t e m p e r a t u r e   w i t h i n   t h e  

r a n g e   b e t w e e n   950°C  and  1 1 5 0 ° C ,   f o l l o w i n g   w h i c h   t h e   a l l o y  

a f t e r   a l l   of  t h e   c o m p o n e n t s   a r e   in   s o l u t i o n   i s   q u e n c h e d   t o  

room  t e m p e r a t u r e .   F o l l o w i n g   t h e   q u e n c h i n g   to   room  t e m p e r -  



a t u r e ,   t h e   a l l o y   i s   s u b j e c t e d   to  one  or  more  a g i n g   t r e a t -  

m e n t s ,   u s u a l l y   a t   a  t e m p e r a t u r e   w i t h i n   t h e   r a n g e   b e t w e e n  

600°C  and  850°C  f o r   a  t i m e   p e r i o d   u s u a l l y   of   up  to  a b o u t  

24  h o u r s .   Such  a g i n g   h e a t   t r e a t m e n t   h a s   t h e   e f f e c t   o f  

p r e c i p i t a t i n g   t h e   gamma  p r i m e   p h a s e   w h i c h   i s   u s u a l l y  

v i e w e d   as  N i 3 ( T i , A l )   in   a  f a i r l y   u n i f o r m   m a n n e r   w i t h i n   t h e  

g r a i n s   of  t h e   a l l o y .   As  t h i s   p r e c i p i t a t i o n   h a r d e n e d ,   t h e  

a l l o y   w i l l   h a v e   o p t i m u m   s t r e n g t h   c o m b i n e d   w i t h   o p t i m u m  

d u c t i l i t y ,   t h e   same  as  i s   m e a s u r e d   by  b o t h   t h e   s t r e s s  

r u p t u r e   t e s t s   as  w e l l   as  t h e   s h o r t   t i m e   t e n s i l e   t e s t s .  

U n f o r t u n a t e l y   a l l o y s   when  in   t h i s   c o n d i t i o n   and  w h i c h   a r e  

t h e r e a f t e r   s u b j e c t e d   to  t h e   i n f l u e n c e   of   n e u t r o n   i r r a d i a -  

t i o n ,   f o r   e x a m p l e   in   t h e   e n v i r o n m e n t   of  a  n u c l e a r   r e a c t o r ,  

w i l l   u n d e r g o   d r a s t i c   c h a n g e s   in   t h e   o b s e r v e d   m e c h a n i c a l  

p r o p e r t i e s .   F o r e m o s t   among  t h e s e   i s   t h e   f a c t   t h a t   t h e  

a l l o y   w i l l   s w e l l   and  as  a  r e s u l t   c h a n g e   i t s   d e n s i t y .   I n  

a d d i t i o n   t h e r e t o   i t   ha s   b e e n   f o u n d   t h a t   t h e s e   m a t e r i a l s  

w h i c h   had   h e r e t o f o r e   e x h i b i t e d   good  d u c t i l i t y   now  b e c o m e  

q u i t e   b r i t t l e   a f t e r   t h e y   h a v e   b e e n   s u b j e c t e d   to   t h e   n e u - _  
t r o n   i n f l u e n c e   in   a  n u c l e a r   r e a c t o r .   U n e x p e c t e d l y   i t   h a s  

b e e n   f o u n d   t h a t   w h e r e   t h e s e   same  m a t e r i a l s   a r e   s u b j e c t e d  

to  t h e   s t a n d a r d   s o l u t i o n   h e a t   t r e a t m e n t   t e m p e r a t u r e   a n d  

t h e r e a f t e r   c o l d   w o r k e d   to  e f f e c t   a  r e d u c t i o n   in   c r o s s -  

s e c t i o n a l   a r e a   of  b e t w e e n   10%  and  60%  and  t h e r e a f t e r   i n  

t h e   c o l d   w o r k e d   c o n d i t i o n   a r e   s u b j e c t e d   to  t h e   same  n e u -  

t r o n   i n f l u e n c e ,   n o t   o n l y   i s   t h e r e   o b s e r v e d   a  g r e a t   i m p r o v e -  

ment   in   t h e   s w e l l i n g   c h a r a c t e r i s t i c s   of  t h e s e   a l l o y s   b u t  

more  i m p o r t a n t l y   t h e s e   same  a l l o y s   a f t e r   i r r a d i a t i o n   w i l l  

show  a  h i g h   d e g r e e   of  d u c t i l i t y ,   e s p e c i a l l y   as  m e a s u r e d   b y  

t h e   d i s k   b e n d   t e s t .  

Thus   t h e   m e t h o d   of  t h e   p r e s e n t   i n v e n t i o n   f o r  

i m p r o v i n g   t h e   p o s t - i r r a d i a t i o n   d u c t i l i t y   i n c l u d e s   a  s o l u -  

t i o n   h e a t   t r e a t m e n t   a t   a  t e m p e r a t u r e   w i t h i n   t h e   r a n g e  

b e t w e e n   950°C  and  1150°C  f o r   a  t i m e   p e r i o d   of  up  to   a b o u t  

one  h o u r .   T h e r e a f t e r ,   t h e   s o l u t i o n   h e a t   t r e a t e d   a l l o y ' i s  

s u b j e c t   to  c o l d   w o r k i n g   to  e f f e c t   a  r e d u c t i o n   in   t h e  

c r o s s - s e c t i o n a l   a r e a   of  b e t w e e n   a b o u t   10%  and  a b o u t   60% 



and  more  p r e f e r a b l y   w i t h i n   t h e   r a n g e   b e t w e e n   a b o u t   15%  a n d  

a b o u t   30%.  O u t s t a n d i n g   r e s u l t s   h a v e   b e e n   a c h i e v e d   w h e r e  

t h e   c o l d   w o r k i n g   e f f e c t s   a  r e d u c t i o n   in   c r o s s - s e c t i o n a l  

a r e a   of  b e t w e e n   a b o u t   20%  and  a b o u t   25%.  I t   i s   i m m a t e r i a l  

how  t h e   c o l d   w o r k i n g   i s   e f f e c t e d .   In  t h i s   r e g a r d   i t  

s h o u l d   be  n o t e d   t h a t   w h e r e   a  f l a t   p r o d u c t   i s   d e s i r e d   t h e  

a l l o y   in   i t s   s o l u t i o n   h e a t   t r e a t e d   fo rm  can  be  c o l d   r o l l e d  

to  e f f e c t   a  r e d u c t i o n   in   t h e   c r o s s - s e c t i o n a l   a r e a   w i t h i n  

t h e   l i m i t s   s e t   f o r t h   h e r e i n b e f o r e ,   u s u a l l y   by  j u s t   r e d u c -  

i n g   t h e   g a u g e   of  t h e   m a t e r i a l .   On  t h e   o t h e r   h a n d ,   f o r  

e x a m p l e ,   w h e r e   a  t u b e   t y p e   p r o d u c t   i s   r e q u i r e d ,   s u c h   c o l d  

w o r k i n g   can   be  e f f e c t e d   by  d r a w i n g   t h e   t u b e   t h r o u g h   a  d i e  

w i t h   a  m a n d r e l   p l a c e d   b e t w e e n   t h e   d i e   o p e n i n g   and  t h e  

t u b e ,   as  i s   w e l l   known  in   t h e   a r t .   S i n c e   t h e   a l l o y   i s   i n  

i t s   s o l u t i o n   h e a t   t r e a t e d   c o n d i t i o n ,   t h e   c o l d   work   a b i l i t y  

of   t h e   a l l o y   i s   u s u a l l y   o p t i m u m   so  t h a t   t h e s e   r e d u c t i o n s  

in   a r e a   can   be  r e a d i l y   a c h i e v e d   w i t h o u t   t h e   n e c e s s i t y   f o r  

i n t e r p o s i n g   a   s t r e s s   r e l i e v i n g   h e a t   t r e a t m e n t   to   t h e  

u n d e r l y i n g   a l l o y .   In  o r d e r   to   more   c l e a r l y   d e m o n s t r a t e  

t h e   i m p r o v e m e n t   in   t h e   p o s t - i r r a d i a t i o n   d u c t i l i t y ,   r e f e r -  

e n c e   may  be  had   to  T a b l e   I  w h i c h   d e s c r i b e s   t h e   e f f e c t s   o f  

c o l d   w o r k i n g   in   r e d u c i n g   t h e   s w e l l i n g   in   t h e   p r e c i p i t a t i o n  

h a r d e n i n g   a l l o y s .   The  c o l u m n   h e a d e d   "ø t "   i s   t h e   t o t a l  

f l u e n c e   to   w h i c h   t h e s e   a l l o y s   h a v e   b e e n   i r r a d i a t e d   and  t h e  

t e m p e r a t u r e   c o l u m n   i n d i c a t e s   t h e   t e m p e r a t u r e   of  i r r a d i a -  

t i o n .   The  l a s t   c o l u m n   shows   t h e   p e r c e n t a g e   of  d e n s i t y  

c h a n g e   and  t h e   i n d i c a t i o n   STA  i s   t h e   p r i o r   a r t   h e a t   t r e a t -  

men t   w h i c h   i n c l u d e s   a  s o l u t i o n   h e a t   t r e a t m e n t   f o l l o w i n g  

a g i n g ,   w h e r e a s   t h e   CW  i n d i c a t e s   t h e   c o l d   w o r k i n g   of  e i t h e r  

25%  or  30%.  



By  i n s p e c t i o n   of  t h e   d a t a   c o n t a i n e d   in   T a b l e   I 

i t   i s   n o t e d   t h a t   t h e r e   i s   a  s l i g h t   d e n s i f i c a t i o n   of  t h e  

a l l o y s   a f t e r   i r r a d i a t i o n   when  t h e y   a r e   in   t h e   c o l d   w o r k e d  

c o n d i t i o n .   T h i s   i s   i n d i c a t e d   by  t h e   n e g a t i v e   v a l u e s   a n d  

as  s u c h   w i l l   d e m o n s t r a t e   t h e   f a c t   t h a t   t h e   t r e a t m e n t   o f  

t h e   p r e s e n t   i n v e n t i o n   i s   e f f e c t i v e   f o r   r e d u c i n g   t he   s w e l l -  

i n g   t e n d e n c y   of  t h e s e   a l l o y s   when  t h e y   a r e   s u b j e c t   to  t h e  

n e u t r o n   i r r a d i a t i o n   i n f l u e n c e .   P e r h a p s   t h e   m o s t   o u t s t a n d -  

i n g   d a t a   h o w e v e r   c o n c e r n   t h e   d i s k   b e n d   t e s t .   The  d i s k  

b e n d   t e s t   i s   more  c l e a r l y   d e s c r i b e d   in   U.S .   A p p l i c a t i o n  

S e r i a l   N o . .   T h e s e   m a t e r i a l s   as  d e t a i l e d   in  T a b l e  

II  w e r e   s u b j e c t e d   to  t h e   h e a t   t r e a t m e n t s   c o n t a i n e d   t h e r e i n  

and  t h e   b e n d   d u c t i l i t y   r e s u l t s   c l e a r l y   d e m o n s t r a t e   t h e  

o u t s t a n d i n g   n a t u r e   of  t h i s   t h e r m o m e c h a n i c a l   t r e a t m e n t .  





From  t h e   f o r e g o i n g   i t   b e c o m e s   c _ e a r   t h a t   t h e s e  

m a t e r i a l s ,   when  s u b j e c t e d   to  t h e   i n f l u e n c e   of  t h e   n e u t r o n  

i r r a d i a t i o n ,   p e r f o r m   e x c e p t i o n a l l y   w e l l .   F u r t h e r   i t   i s  

n o t e d   t h a t   w h i l e   t h e   a l l o y   w i l l   h ave   t h e   s t r e n g t h   c h a r a c -  

t e r i s t i c s   n e c e s s a r y ,   u s u a l l y   as  a  r e s u l t   of  s t r a i n   a g i n g  

b e c a u s e   of  t h e   c o l d   w o r k i n g ,   t h e   d u c t i l i t y   as  e x h i b i t e d   b y  

t h e   d i s k   b e n d   t e s t   as  w e l l   as  t h e   s w e l l i n g   r e s i s t a n c e  

shows   s u c h   i m p r o v e m e n t   o v e r   and  above   t h a t   c o n d i t i o n   o f  

s o l u t i o n   h e a t   t r e a t m e n t   p l u s   p r e c i p i t a t i o n   h a r d e n i n g   w h i c h  

h a s   b e e n   u t i l i z e d   in   t h e   p r i o r   a r t   a l l o y s .  



1.  A  m e t h o d   of  i m p r o v i n g   t h e   p o s t - i r r a d i a t i o n  

d u c t i l i t y   of  p r e c i p i t a t i o n   h a r d e n a b l e   a l l o y s ,   c h a r a c t e r -  

i z e d   by  s o l u t i o n   h e a t   t r e a t i n g   t h e   a l l o y s   a t   a  t e m p e r a t u r e  

w i t h i n   t h e   r a n g e   b e t w e e n   950°C  and  1 1 5 0 ° C   and  t h e r e a f t e r  

c o l d   w o r k i n g   t h e   a l l o y s   to  e f f e c t   a  r e d u c t i o n   in   c r o s s -  

s e c t i o n a l   a r e a   of  b e t w e e n   10%  and  60%.  

2.  A  m e t h o d   a c c o r d i n g   to  c l a i m   1,  c h a r a c t e r i z e d  

by  c o l d   w o r k i n g   to  e f f e c t   a  r e d u c t i o n   in   c r o s s - s e c t i o n a l  

a r e a   of  b e t w e e n   15%  and  30%  by  c o l d   r o l l i n g .  

3.  A  m e t h o d   a c c o r d i n g   to  c l a i m   1,  c h a r a c t e r i z e d  

by  c o l d   w o r k i n g   to  e f f e c t   a  r e d u c t i o n   in   c r o s s - s e c t i o n a l  

a r e a   of  b e t w e e n   20%  and  2 5 % .  
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